Whole-brain diffusion tensor tractography (DTT) at high signal-tonoise ratio and angular and spatial resolutions were utilized to study the effects of age, sex differences, and lateral asymmetries of 6 white matter pathways (arcuate fasciculus [AF] [SS]) in 31 right-handed children (6--17 years). Fractional anisotropy (FA), a measure of the orientational variance in water molecular diffusivity, and the magnitude of water diffusivity (parallel, perpendicular, and mean diffusivity) along the pathways were quantified. Three major patterns of maturation were observed: 1) significant increase in FA with age, accompanied by significant decreases in all 3 diffusivities (e.g., left IFOF); 2) significant decreases in all three diffusivities with age without significant changes in FA (e.g., left CST); and 3) no significant age-related changes in FA or diffusivity (e.g., SS). Sex differences were minimal. Many pathways showed lateral asymmetries. In the right hemisphere, the frontotemporal (FT) segment of AF was not visualized in a substantial (29%) number of participants. FA was higher in the left hemisphere in the FT segment of AF, UF, and CST, whereas it was lower in the frontoparietal segment of AF. This study provides normative data essential for the interpretation of pediatric brain DTT measurements in both health and disease.
Introduction
Magnetic resonance imaging (MRI) continues to play a major role in enriching our understanding of the dynamic structural and functional changes in the developing human brain. Longitudinal studies using MRI volumetric analysis and dynamic cortical mapping in youth aged 4--21 years show that gray matter density increases first in primary sensorimotor cortices and in frontal and occipital poles Gogtay et al. 2004; Lenroot and Giedd 2006) . The remaining regions mature from back to front in parietal-to-frontal regions, with the association areas of the superior temporal and dorsolateral prefrontal cortices developing last Volpe 2000; Gogtay et al. 2004; Lenroot and Giedd 2006) . From ages 5--11 years, dendritic arborization and pruning result in gray matter thinning in the right dorsal frontal and biparietal regions, in conjunction with increased gray matter in the left frontal and temporal--parietal language areas (Sowell et al. 2003) . Nonlinear increases in gray matter peak in different regions, with increases in the frontal and parietal regions at about age 12 and in the temporal lobe at about age 16, followed by gray matter loss. Both postmortem histological (Yakovlev and LeCours 1967; Huttenlocher 1990 ) and MRI studies noted that white matter increases in a more linear pattern in frontal, temporal, and parietal regions. The protracted development of white matter appears to be related to myelination and is noted up to the third decade in adulthood (Sowell et al. 2003 ; Lenroot and Giedd 2006; Toga et al. 2006; Hasan et al. 2007) . Previous MRI studies have demonstrated sex differences and lateral asymmetries in the global/regional brain gray matter volume/white matter volume/cortical thickness (De Bellis et al. 2001; Durston et al. 2001; Allen et al. 2003; Luders et al. 2005 Luders et al. , 2006 ; for extensive review see Lenroot and Giedd 2006) . Volumetric studies completed in children aged 4--18 years identified different ages of peak cortical and subcortical gray matter volumes in males and females; white matter increases in a more linear fashion (Lenroot and Giedd 2006) . Diffusion tensor MRI quantitative region-of-interest (ROI) and voxel-based studies have also demonstrated sex differences and lateral asymmetries in the adult population (Peled et al. 1998; Kubicki et al. 2002; Szeszko et al. 2003; Park et al. 2004; Nucifora et al. 2005) . However, the diffusion tensor imaging (DTI) literature addressing these issues in children aged 6--17 years is scant.
With the advent of diffusion tensor tractography (DTT), in vivo visualization of developmental changes in major compact pathways (or tracts) of the human brain is now possible (Conturo et al. 1999; Catani et al. 2002; Mori et al. 2002; Wakana et al. 2004 ; for reviews see Le Bihan et al. 2003; Mori and Zhang 2006) . In addition to portraying the white matter changes associated with normal growth and development, DTI/DTT is also being extensively utilized to identify the white matter abnormalities underlying various neurocognitive/behavioral/ psychiatric disorders in children (Neil et al. 1998; Klingberg et al. 2000; Barnea-Goraly et al. 2004 Nagy et al. 2004; Ashtari et al. 2005; Beaulieu et al. 2005; Berman et al. 2005; Partridge et al. 2005; Eluvathingal et al. 2006; Ewing-Cobbs et al. 2006; Hermoye et al. 2006 ; for reviews, Le Bihan et al. 2003; Hasan 2006; Mukherjee and McKinstry 2006) . The lack of a quantitative normative database specific to white matter is a limiting factor in our understanding of brain development and the interplay with various pathologies (Crick and Jones 1993) .
In most studies, DTI quantitative metrics have been obtained using either ROI analysis or voxel-based morphometry. A major limitation of ROI analysis is the possibility of error related to including other fiber tracts, or even gray matter and cerebrospinal fluid, along with white matter structures of interest (Snook et al. 2007) . Voxel-based morphometry has the advantage of being observer independent and can be applied to study the whole brain. However, voxel-based morphometry also has some inherent shortcomings because of the requirements of spatial normalization and smoothing (Ashburner and Friston 2000; Jones et al. 2005) . Both ROI and voxel-based morphometry methods have limited ability to quantify specific white matter pathways along their entire trajectories. DTT is a novel addition to the ROI and voxel-based morphometry DTI methods that is capable of isolating specific pathways from adjacent gray matter, white matter, and cerebrospinal fluid and allows computation of the diffusion metrics specific to the entire tract of interest (Conturo et al. 1999; Catani et al. 2002; Mori et al. 2002; Wakana et al. 2004) .
Studies using DTI to examine developmental changes in white matter microstructure have reported increases in fractional anisotropy (FA) and decreases in mean diffusivity with increasing age (Neil et al. 1998; McKinstry et al. 2002; Schmithorst et al. 2002; Schneider et al. 2004; Barnea-Goraly et al. 2005; Gupta et al. 2005; Dubois et al. 2006; Snook et al. 2007 ; for a review see Mukherjee and McKinstry 2006) . FA is a measure of the intravoxel directionality of water translational random motion in presence of barriers and is expressed as a ratio ranging from 0 to 1 (0 = isotropic or no predilection for any particular direction and 1 = unidirectional). Mean diffusivity provides the overall magnitude of water diffusion (expressed in units of area per unit time or square millimeter per second) and is a sensitive indicator of maturational changes in the brain tissue (Pierpaoli et al. 1996; Mukherjee and McKinstry 2006) . In addition, transverse diffusivity (the magnitude of water movement perpendicular to the long axis of axons) provides a more specific surrogate of changes associated with myelination, whereas axial diffusivity (the magnitude of water movement along the long axis of axons) is more related to the intrinsic characteristics of the axons or changes in the extraaxonal/ extracellular space (Mukherjee et al. 2002; Song et al. 2005; Hasan and Narayana 2006 ; for a review see Beaulieu 2002) .
To provide information regarding in vivo development of white matter, we examined developmental changes indexed by DTT in 4 association pathways: arcuate fasciculus (AF), inferior longitudinal fasciculus (ILF), inferior fronto-occipital fasciculus (IFOF), and uncinate fasciculus (UF) and 2 projection pathways: corticospinal tract (CST) and somatosensory pathway (SS). The above-mentioned association and projection pathways were selected due to their relatively large size, which increases the reliability of quantification. Furthermore, these tracts have been extensively studied using conventional MRI, morphometry, and DTT (Curnes et al. 1988; Makris et al. 1997; Catani et al. 2002 Catani et al. , 2005 Mori et al. 2002 Mori et al. , 2005 Wakana et al. 2004; Berman et al. 2005; Partridge et al. 2005; Dubois et al. 2006 ) and are also well described in the standard neuroanatomy text books and neuroanatomy atlases (Carpenter 1983; Mori et al. 2005; Schmahmann and Pandya 2006) . Commissural or interhemispheric pathways and association pathways belonging to the limbic system (cingulum, fornix, and stria terminalis) were not included in the present study and will be the focus of a future work.
The AF has 3 distinct segments that interconnect cortical language centers located in the frontal, temporal, and parietal lobes of the left cerebral hemisphere (Dejerine 1895; Geschwind 1965; Catani et al. 2005; Makris et al. 2005; Schmahmann and Pandya 2006) . The frontotemporal (FT) segment connects the inferior frontal cortex (known as Broca's area, in the dominant hemisphere) with superior temporal cortex (known as Wernicke's area in the dominant hemisphere). The frontoparietal (FP) segment connects inferior frontal cortex and parietal cortex. The temporoparietal (TP) segment connects the temporal cortex in the region of the superior and middle temporal gyri with the parietal cortex. The ILF connects the extrastriate occipital cortex with lateral temporal cortex, parahippocampal gyrus, and amygdala (Catani et al. 2002; Schmahmann and Pandya 2006) , whereas IFOF connects the occipital lobe and frontal lobe. Anteriorly, the IFOF runs in close proximity with the UF and posteriorly with the ILF (Curran 1909; Catani et al. 2002; Kier et al. 2004; Schmahmann and Pandya 2006) . The UF connects the anterior 3 temporal convolutions and the amygdala with gyrus rectus, medial retro-orbital cortex, and subcallosal area (Ebeling and Von Cramon 1992; Schmahmann and Pandya 2006) . Regarding the projection pathways, the portion of CST studied in this work was restricted to the fibers originating from the precentral primary motor cortex (Brodmann area 4; Carpenter 1983). These fibers pass through the corona radiata, posterior limb of the internal capsule, and cerebral peduncles to reach the medulla where they decussate at the level of the pyramids (Carpenter 1983) . The SS studied extends from the level of the medial lemniscus to the postcentral somatosensory cortex (Brodmann areas 3, 2, and 1). Before reaching the postcentral cortex, fibers relay in the ventral posterolateral nucleus of the thalamus (Carpenter 1983) .
In the present study, we utilized DTT in children aged 6--17 years to investigate for evidences in the white matter microstructure underlying the sex differences and lateral asymmetries in addition to our main goal of characterizing the effects of age. We examined the FA, mean, transverse, and axial diffusivities specific to the major association and projection pathways. A unique feature of this study was the DTT quantification of major pathways into subsegments (e.g., AF) to address the possibility that different segments of major pathways mature differently and even show differences related to sex and lateralization.
Materials and Methods

Participants
The 31 right-handed participants included 16 girls and 15 boys (age range, mean ± standard deviation = 6--17, 11.4 ± 3.1 years). The male and female groups did not differ in age (P = 0.63). All children were primarily English speaking, were identified as neurologically normal by review of medical history, and were medically stable at the time of the assessments. Each MRI scan was read as ''normal'' by a board-certified radiologist (L.K.). Written informed consent was obtained from the guardians and adolescents and assent from the children participating in these studies per the University of Texas Health Science Center at Houston institutional review board regulations for the protection of human research subjects.
MRI Data Acquisition
We acquired whole-brain data using a Philips 3.0 T Intera system with a SENSE parallel image receiving head coil. The MRI protocol included 1) 3D spoiled gradient echo, field of view = 240 3 240 mm 2 (isotropic voxel size = 0.9375 mm); 2) 2D dual spin-echo images TE 1 /TE 2 /TR = 10/ 90/5000 ms, in the axial plane (3 mm slice thickness, field of view = 240 3 240 mm 2 at 44 axial contiguous sections); and 3) phase-sensitive MRI in the sagittal and axial planes, in addition to a matching prescription of axial diffusion--encoded data as described below. The diffusion-weighted data were acquired using a single-shot, spin-echo diffusion-sensitized echo-planar imaging (EPI) sequence with the balanced Icosa21-encoding scheme (Hasan and Narayana 2003, 2006; Hasan 2006 ), a diffusion sensitization of b = 1000 s mm
, and repetition and echo times of TR = 6100 ms and TE = 84 ms, respectively. Echo planar imaging distortion artifacts were reduced by using a SENSE acceleration factor (R) or k-space under sampling equal to 2 (i.e., R = 2) (Bammer et al. 2002; Jaermann et al. 2004; Hasan and Narayana 2006) . The slice thickness was 3 mm with 44 axial slices covering the entire brain (foramen magnum to vertex), a square field of view = 240 3 240 mm 2 , and an image matrix of 256 3 256 that matched the 3D spoiled gradient echo and the 2D conventional MRI dual-fast spin-echo sequences. The number of nondiffusion-weighted or b~0 magnitude image averages was 8; in addition, each encoding was repeated twice and magnitude averaged to enhance the signal-to-noise ratio (SNR) (Conturo et al. 1995) . Thus, effectively 50 images were acquired for each of the 44 axial sections to cover the entire brain. The total DTI acquisition time was approximately 7 min and resulted in SNRindependent DTI metric estimation (Hasan et al. 2007 ).
Diffusion Tensor Tractography
After data preparation using in-house--developed procedures (Hasan 2006) , compact fiber tracking was performed using DTI Studio software (H. Jiang and S. Mori, Johns Hopkins University, Baltimore, MD; http:// cmrm.med.jhmi.edu). Fiber tracking was based on the Fiber Assignment by Continuous Tracking algorithm with an FA threshold of 0.15 (except for the ILF and IFOF tracts for which it was 0.20) and angle threshold 60°( 50°for ILF and IFOF). Brute-force fiber tractography and multiple ROI techniques were utilized to track the pathways of interest (Conturo et al. 1999; Mori et al. 1999; Huang et al. 2004; Wakana et al. 2004; Jiang et al. 2006) . Once a fiber tract was reconstructed, the entire trajectory was verified on a slice-by-slice basis to ensure consistency with established anatomical landmarks (Carpenter 1983; Filley 2001; Schmahmann and Pandya 2006) as well as the DTT-based atlas of fiber pathways of human brain (Mori et al. 2005) . In situations where a particular tract showed some unexpected connectivity or if there was a deviation relative to the known landmarks, the tract was excluded from further analyses. The mean FA and mean diffusivity were calculated from the individual values obtained from all the voxels that contained the fiber tract. The transverse and axial diffusivities were calculated as described elsewhere (Hasan and Narayana 2006) . All the above-described pathways were separated with minor modifications to the traditional DTT methods described in the past (Catani et al. 2002 (Catani et al. , 2005 Mori et al. 2002 Mori et al. , 2005 Wakana et al. 2004 ; see also supplementary file for more details on the fiber-tracking methods). The diffusion metrics were quantified for each of the individual tracts bilaterally (see Fig. 1 for examples of reconstructed fiber tracts).
Reliability of Fiber Tracking
An investigator (T.J.E.) who has established excellent intra-and interrater reproducibility for DTT in pediatric populations (Eluvathingal et al. 2006 ) evaluated the entire data sets. Intrarater reproducibility was tested by repeating all the measurements for the UF and AF in both hemispheres. These tracts were chosen as they have the most curved trajectory among all the fiber tracts studied. The results of the 2 measurements were analyzed using the paired Student's t-test, Pearson product--moment correlations, and Bland--Altman bias analyses (Bland and Altman, 1986 ). The Bland--Altman bias analysis procedure is based on plotting the mean versus the difference between 2 measurements in order to detect the baseline bias and other trends that the simple correlation fails to detect (Bland and Altman 1986) .
Statistical Analyses
The effect of age on the measured FA, mean diffusion, and transverse and axial diffusivities on both the right and left hemispheres was examined individually using Pearson correlations and linear regression. Sex differences were examined using unpaired t-test and analysis of variance (ANOVA). Hemispheric differences in the diffusion metrics associated with individual fiber tracts were examined using the paired Student's t-test and ANOVA. All statistical analyses were conducted using the statistical toolbox in Matlab (Version 6.1; The Mathworks Inc., Natick, MA).
Results
All data sets included in the current study were free of image and subject motion artifacts. The intrarater reproducibility for fiber tracking was excellent for both UF and AF bilaterally. Neither the Bland--Altman bias analysis (UF right: P = 0.94, UF left: P = 0.53, AF right: P = 0.10, and AF left: P = 0.56) nor the ttest (UF right: P = 0.76, UF left: P = 0.21, AF right: P = 0.51, AF left: P = 0.22) showed any significant differences between the 2 measurements for UF and AF bilaterally. Correlations were very high between the 2 measurements (UF right: r = 0.99, UF left: r = 0.99, AF right: r = 0.93, and AF left: r = 0.99). Participants in whom fiber tracking failed or produced results inconsistent with the known course of particular tracts were excluded from further analyses. Table 1 details the number of participants included in the final analyses for each fiber tract. The descriptive and inferential statistics for the FA and mean diffusivity measurements and correlations with age are given in Table 2 while transverse and axial diffusivities are given in Table 3 . Table 2 shows that FA increased significantly with age in the following tracts: FP segment of right AF, right CST, left ILF, left IFOF, and bilateral UF. Although the other tracts studied showed a positive correlation of FA with age (r = 0.08--0.38), none attained statistical significance (see Table 2 ). Table 3 shows that mean diffusivity decreased significantly with age in all the fiber tracts studied (r = -0.39 to -0.69), except in the SS, bilaterally. Transverse diffusivity followed the trends of mean diffusivity and decreased significantly with age in all tracts (r = -0.41 to -0.67), except ILF in the right hemisphere and SS, bilaterally (see Table 3 ). A significant decrease in axial diffusivity with increasing age (r = -0.42 to -0.73) was observed in most of the tracts studied, except for the right CST, ILF, and SS, bilaterally (see Table 3 ).
Effects of Age
Sex Differences
A series of t-tests revealed few significant differences. Girls had significantly lower transverse diffusivity in the ILF bilaterally (right ILF: P = 0.02, left ILF: P = 0.03) and right IFOF (P = 0.04) compared with boys. The lower transverse diffusivity in the ILF was accompanied by lower mean diffusivity (right ILF: P = 0.02, left ILF: P = 0.04). There were no sex differences in FA or axial diffusivity in any tract.
Lateral Asymmetries
Laterality differences in the FA measurements were present for several tracts. Significantly higher FA in the left than right hemisphere was noted in the FT segment of AF (P < 0.01), CST (P = 0.003), and UF (P < 0.03). The ILF (P = 0.07) and IFOF (P = 0.08) demonstrated a trend toward higher FA in the left hemisphere. The FP segment of the AF was the only pathway that had significantly higher FA in the right than left hemisphere (P = 0.001). The remaining tracts, including the TP segment of AF pathway and the SS, did not show any laterality differences in FA (see supplementary Fig. 2 ).
Discussion
The present study utilized DTT and identified an increase in FA and a decrease in the axial, transverse, and mean diffusivities with age in most of the tracts studied. Consistent with previous reports (Schmithorst et al. 2002; Schneider et al. 2004; BarneaGoraly et al. 2005) , diffusivity measurements were more sensitive to age than FA (see Tables 2 and 3 ). In contrast, FA was more sensitive in detecting lateral asymmetries in the microstructure of various tracts. Lateral asymmetries in FA were obvious for AF, UF, and CST. We also noted minimal sex differences in the microstructure of tracts, especially IFOF in the right hemisphere and ILF, bilaterally. Despite technical differences with prior studies, the major findings of this study were generally consistent with earlier postmortem (Yakovlev 1967; Yakovlev and LeCours 1967; LaMantia and Rakic 1990) , MRI volumetry Paus et al. 1999; Courchesne et al. 2000; Durston et al. 2001; Good et al. 2001; Matsuzawa et al. 2001; Sowell et al. 2003) , and DTI reports (Mukherjee et al. 2001; McKinstry et al. 2002; Schmithorst et al. 2002; Schneider et al. 2004; Barnea-Goraly et al. 2005; Mukherjee and McKinstry 2006; Hasan et al. 2007; Snook et al. 2007 ) that show continued white matter maturation through childhood and adolescence. The lateral asymmetries observed were also consistent with previous reports (Yakovlev and Rakic 1966; Rademacher et al. 2001; Kubicki et al. 2002; Buchel et al. 2004; Park et al. 2004; Nucifora et al. 2005 ).
Effects of Age
Three age-related patterns were apparent in the FA and diffusivity. In the first pattern, a significant increase in FA with Note: CH, cerebral hemisphere; R, right; L, left; and r, Pearson product--moment correlation coefficient; SD, standard deviation. The values of r and P are given in boldface whenever the corresponding P \ 0.05. *P \ 0.005, **P \ 0.0005, ***P \ 0.00005. Note: CH, cerebral hemisphere; R, right; L, left; r, Pearson product--moment correlation coefficient; SD, standard deviation. The values of r and P are given in boldface whenever the corresponding P \ 0.05. *P \ 0.005, **P \ 0.0005, ***P \ 0.00005.
age was accompanied by significant decreases in all 3 diffusivities (FP segment of bilateral AF, left ILF, left IFOF, and bilateral UF, see Fig. 2A ). It appears that increases in myelination (as measured by decreased transverse diffusivity) are accompanied by changes in the intrinsic characteristics of axons/changes in extraaxonal or extracellular space (as measured by decreased axial diffusivity) in these pathways. In the second pattern, there was a significant age-related decrease in the axial, transverse, and mean diffusivity measures that was not accompanied by a significant increase in FA (FT segment of left AF, bilateral TP segments of AF, right IFOF, and left CST; see Fig. 2B ). Although this pattern may in part be attributable to progressive myelination, the commensurate changes in the axial diffusivities may also indicate continued changes in intrinsic characteristics of axons/changes in extraaxonal or extracellular space. In the third pattern, there were no significant age-related changes in FA or diffusivity (SS, see Fig. 2C ). The right ILF and right CST did not fit into any of the 3 patterns. The 3 patterns of microstructural changes detected by DTT may reflect a continuum representing different stages of white matter maturation. The pathways that exhibited the first pattern of maturation (FP segment of bilateral AF, left ILF, left IFOF, and bilateral uncinate) play an important role in higher cognitive functions (e.g., language, visuospatial processing, and attention; Carpenter 1983; Kandel et al. 1998; Filley 2001; Schmahmann and Pandya 2006) . Children show rapid development of these functions for the age range included in this study (Behrman et al. 2000) . likely undergo substantial maturation before the age of 6 years to support basic proficiency in speech, motor control, and auditory and visual skills that are necessary for the elaboration of higher cognitive skills (Behrman et al. 2000) . The primary SS was the only one that showed the third pattern. Berman et al. (2005) reported an increase in FA and a decrease in diffusivity with age in both the CST and SS tracts in neonates. There was no difference in the effect of age between these 2 pathways ). The present study demonstrated that in the age group of 6--17 years, only CST continued to show agerelated changes and not the SS, implying an early maturation of SS compared with CST. From a functional point of view, children achieve these senses fairly quickly after birth (Behrman et al. 2000) . The right CST and right ILF pathways did not fit into any of the above-discussed patterns. A possible explanation for this could be that these tracts are in a transitional phase of the above-mentioned 3 patterns. Right CST may be in a phase of transition from the second pattern to the third pattern, whereas for right ILF it was between the first and second.
Altogether, it appears that only a certain combination of changes in the transverse and axial diffusivities are able to produce a gross architectural change (Pierpaoli et al. 1996) adequate enough to be detected by the FA. Also, FA in a particular tract is influenced by the architectural changes in the surrounding tracts (Pierpaoli et al. 1996) . The crosssectional nature of the present study and relatively narrow age range and sample size limit further statistical analyses to evaluate the differences among these patterns, as well as how and when a particular tract changes from one pattern to the other.
Sex Differences
There were few effects of sex in the present study, the exception representing a significantly lower transverse diffusivity in the IFOF in the right hemisphere and ILF in both hemispheres of girls compared with boys. This finding may indicate higher myelin content in these tracts in girls. Previous DTI studies in adults (Szeszko et al. 2003 ) also have reported microstructural evidence for sex differences. However, the technical differences and the differences in the age group studied make direct comparisons infeasible. MRI volumetric studies in the past have shown that sex differences are more pronounced in the white matter volume, and females are known to have higher gray matter to white matter ratios compared with males (Allen et al. 2003) . Allen et al. (2003) proposed that this difference in gray matter to white matter ratio is mainly due to less white matter in females. The authors also speculated that women are likely compensating neuronally in some way for their relatively smaller cranial capacities. The present finding suggestive of higher myelin content in the IFOF in the right hemisphere and bilateral ILF may be due to such a neuronal compensation. Higher myelin thickness is known to be the most significant factor that makes neuronal transmission more efficient (Kandel et al. 1998) . In view of our small sample, these results need to be reported in larger samples.
Lateral Asymmetries
The present study detected a leftward asymmetry (left > right) in FA in the FT segment of AF, UF, and CST. The only pathway that showed a rightward asymmetry (right > left) in FA was the FP segment of AF (see supplementary Fig. 2) . Further detailed analysis of hemispheric differences in the rate of change of the diffusion metrics with age did not reveal any significant results except for a trend for higher rate of change of FA in the left IFOF compared with right (P = 0.09) and a higher rate of change in the transverse diffusivity in the right CST compared with left (P = 0.08).
Arcuate Fasciculus
The present study is the first DTT application to quantify the 3 segments of AF based on the lobar connectivity of individual components described by Catani et al. (2005) . One of the major observations related to the AF was that the FT segment of the AF was not demonstrable in 29% (17/24) of participants (Fig. 1) . A similar observation was also reported in a recent DTT study in right-handed young adults (Nucifora et al. 2005 ). We observed a higher FA in the FT segment of the left AF. Using a DTI-based, voxel-based morphometry study in right-handed adults, Buchel et al. (2004) also reported a higher FA in regions corresponding to the FT segment of left AF. However, exclusion of the participants who did not have a demonstrable FT segment on the right side (7 of 24 participants) resulted in no identification of hemispheric differences in the measured FA, which is expected as these were the participants who demonstrated maximum asymmetry. To account for this, a Kruskal--Wallis nonparametric test was performed that also showed a trend toward significantly higher FA (P = 0.09) in the left FT segment (see supplementary Fig. 2 ). The higher FA in the left than right FT segment is consistent with the well-known functional and anatomical lateralization of language to the dominant hemisphere (Broca 1861; Dejerine 1895; Geschwind 1965; Geschwind and Levitsky 1968) . It is possible that the children in whom the right FT was absent or the FA in the right FT was low may have more striking language lateralization compared with children with more symmetrical measurements. Combined functional, structural, and diffusion tensor MRI studies correlating individual variations in language lateralization with individual variations in the structural anatomy and FA will be extremely useful in further understanding the issue of language lateralization, and many have implications for predicting language recovery from stroke, traumatic brain injury, and other neurological disorders.
In contrast to the leftward asymmetry of the FT segment of AF, the FP segment showed a significant rightward asymmetry in the FA. This finding is consistent with the findings of Buchel et al. (2004) , who reported an area of significantly increased FA in the white matter underneath the right inferior parietal region, consistent with the course of the FP segment of AF. The higher FA in the present study was associated with higher mean and axial diffusivity. Differences in the degree of tortuosity (i.e., straightness) of individual axons in the voxels are known to change the magnitude of the axial diffusivity that in turn can change the observed anisotropy (Takahashi et al. 2000) . It may be that a less prominent or absent FT segment of AF on the right side may allow the FP segments to be straighter on the right side compared with the left, leading to the observed higher axial diffusivity and higher FA on right side.
Uncinate Fasciculus
To the best of our knowledge, there are no published quantitative DTT data on the asymmetry of the UF in the 6--17 years age group. Our finding of higher FA in left UF compared with right UF is consistent with previous reports in adults (Kubicki et al. 2002; Park et al. 2004 ). Using DTI-based, voxelbased morphometry and ROI analyses, Park et al. (2004) showed that the asymmetry in the measured FA of the UF depends on the region studied; the inferior portion showed a greater FA in the right hemisphere, whereas the superior portion showed a greater FA in the left hemisphere. The DTT methods used in the present study averaged the FA values obtained from all the voxels occupied by this tract. Because the UF has a shorter inferior segment and a longer superior segment, it is possible that the mean value is influenced by the longer superior portion, which was reflected by a leftward asymmetry in the present study. The higher FA observed in our study was not associated with any significant asymmetry in the diffusivities.
Corticospinal Tract FA was higher in the left CST in 20 of 28 of the right-handed participants, whereas transverse diffusivity was lower in 21 of 28. Taken together, the significantly higher FA combined with lower transverse diffusivity is consistent with a conjecture of higher myelin content (Beaulieu 2002; Mukherjee et al. 2002; Song et al. 2005; Hasan and Narayana 2006) in the left CST. Our findings are consistent with previous postmortem reports by Yakovlev and Rakic (1966) as well as the more recent reports by Rademacher et al. (2001) on hemispheric asymmetries of CST. In addition, there is strong functional evidence that righthanded individuals exhibit hemispheric asymmetry favoring the left hemisphere in voluntary movements (Kawashima et al. 1993; Kim et al. 1993; Civardi et al. 2000) .
Future Directions
Altogether, FA increased and the axial, transverse, and mean diffusivities decreased with age. The mean (12 of 16 tracts), transverse (12 of 16 tracts), and axial diffusivities (10 of 16 tracts) were comparable in sensitivity in detecting significant age-related changes. The FA was less sensitive (6 of 16 tracts) in detecting age-related changes, whereas it was more sensitive in identifying lateral asymmetries compared with any of the diffusivity measurements. Sex differences were minimal and were limited to the ILF and IFOF. The age-related changes are consistent with ongoing myelination (evidenced by a decrease in transverse diffusivity), along with changes in the extraaxonal/ extracellular space/intraaxonal milieu (evidenced by decrease in axial diffusivity) in all the association pathways and CST. These findings are also consistent with previous reports on white matter maturation in this age group (Yakovlev 1967; Yakovlev and LeCours 1967; Giedd et al. 1999; Paus et al. 1999; Courchesne et al. 2000; Durston et al. 2001; Good et al. 2001; Matsuzawa et al. 2001; Mukherjee et al. 2001; McKinstry et al. 2002; Schmithorst et al. 2002; Sowell et al. 2003; Schneider et al. 2004; Barnea-Goraly et al. 2005; Lenroot and Giedd 2006; Snook et al. 2007 ). Due to the cross-sectional nature of the present study and the limited age range (6--17 years), we were not able to identify when and how these changes occur in a particular white matter pathway. Future extensions of this study should include larger male and female populations with a wider age range and additional statistical modeling of the interplay between microstructural DTI metrics and MRI volumetry (Hasan et al. 2007 ) and the accompanying cognitive and behavioral changes with development (Casey et al. 2005 ).
Supplementary Material
Supplementary material can be found at: http://www.cercor. oxfordjournals.org/.
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